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Abstract

A control system for the in-line coagulation applied in an ultrafiltration process was developed. The dosing strategy aims to apply a minimal
coagulant dose while maintaining desirable process performance by regulating the initial filtration resistance. This is achieved by a feedback
controller. It was found that the control system performs well; adaptation to changing conditions is achieved adequately and sufficiently fast. The
initial resistance of the last filtration before the chemical cleaning phase can be controlled within an accuracy of approximately 3% (of the total
resistance) or 9% (of the fouling resistance). Compared to the current dosing strategy, a significant reduction of coagulant consumption can be

achieved.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ultrafiltration plays an important role in the production of
potable water. However, (irreversible) membrane fouling is a
limitation in the application of this technology. The accumula-
tion of the retained matter on the membrane surface leads to
an increase in operating costs, due to an increased energy con-
sumption and the necessity of periodic cleaning. To reduce these
operating costs, it is necessary to control the fouling behavior.
The fouling behavior is determined by the interaction between
the physicochemical feedwater properties, membrane properties
and operating conditions.

Natural water is difficult to characterize, since it can contain
a large number of different components. However, generally
it is found that (irreversible) fouling by natural organic matter
(NOM) is enhanced by: decreasing pH [1-5], increasing elec-
trolyte concentration [3,4], increasing NOM molecular weight
[11-13], increasing NOM hydrophobicity [7,12] and addition
of divalent cations (e.g. Ca>*) [4—11]. Due to the complexity of
solution chemistry in natural waters, NOM properties are very
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source specific and both seasonal and long term trends occur
[14].

Regarding the membrane properties, it is observed that irre-
versible fouling is enhanced, if the membrane is rough [15,16],
hydrophobic [5,17-19] or if the pore size is approximately equal
to the particle size [20].

A pretreatment method is needed to counter irreversible
fouling and operate membrane filtration under economically
feasible conditions. Some feedwater pretreatment options for
ultrafiltration are coagulation, powdered/granulated activated
carbon (PAC/GAC) dosing [23-25] or ozonation [26,27].
Pre-coagulation is a separate process which is followed by con-
ventional flotation or sedimentation. The supernatant is then
used as feed for the filtration process. This study, however, is
concerned with in-line coagulation, which is the application
of a coagulant before membrane filtration without a flota-
tion/sedimentation or pre-filtration step.

Investigation of in-line coagulation has shown that it ben-
efits the performance of the filtration process. A reduction of
the hydraulic resistance of the fouling layer can be observed
[29-31]. This suggests that either a more permeable cake is
formed or the internal membrane surface is better protected from
foulants. Furthermore, hydraulic cleaning is more effective [31].
Finally, the permeate quality is better due to enhanced NOM
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and turbidity removal [31,30]. This potentially improves the
performance of subsequent process steps (for example RO/NF)
and reduces the concentration of disinfection byproduct precur-
sors.

However, application of in-line coagulation does have draw-
backs. First, it forms a large portion of the operating costs, due
to chemicals consumption and the increased disposal costs of
the concentrate stream. Second, coagulant residuals in the per-
meate, caused by overdosing, reduce the product quality and
can lead to issues in downstream processes, for example RO
[32]. In some cases it is even observed that dosing of coagu-
lant adversely affects the performance of membrane filtration
[6].

Hence, it is desirable to use a good dosing strategy, which
applies the minimum addition at which the filtration pro-
cess shows desired performance. This is different from the
conventional optimal coagulant concentration, which is the con-
centration at which sedimentation yields good results. Compared
to the conventional optimum, under-dosing leads to both good
filtration properties and good removal of NOM [31]. This obser-
vation further motivates the desire for a method for minimal
dosing of coagulants.

The current practice is to apply the optimal conventional dose,
usually found by jar tests, or to test a number of concentrations in
a pilot plant study and selecting the most appropriate one. How-
ever, if the dosing is not continuously adapted to seasonal and
long term trends in the water composition, alteration of other
operating settings and gradual changes in membrane proper-
ties, it can be expected that under- or overdosing will occur.
In this investigation, this adaptation is achieved by feedback
control.

2. Theory

The design of a control system consists of the following steps:
definition of control objectives, selection of manipulated and
measured variables, selection of the control configuration and
finally controller design. An introduction to control systems can
be found in Ref. [34]. Subsequently, evaluation of the controller
performance is addressed.

2.1. Control objectives

The primary goal of in-line coagulation is stabilization of
the filtration process, improvement of permeate quality by
enhanced NOM removal is of secondary importance. Here, only
stabilization of the filtration sequence is considered. Hence,
the amount of fouling that is allowed to accumulate between
two chemical cleaning phases needs to be kept within certain
bounds.

2.2. Selection of manipulated and controlled variables

To realize the control objective, it should first be quantified.
The resistance is a good measure for the amount of fouling
present in the system and will serve as controlled variable. The
resistance is the sum of the membrane resistance Ry and a pro-
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Fig. 1. Series of subsequent filtrations and backwashes between two chemical
cleaning phases. The line illustrates the development of the resistance profile.

gressively growing fouling resistance Ry. Darcy’s law relates the
resistance to the flux J, the transmembrane pressure A P and the
viscosity u:
AP
Rv+ R = — ()
uJ

Fig. 1 sketches the resistance during a series of subsequent fil-
trations and backwashes between two chemical cleaning phases.
The initial resistance Ry is the resistance at the end of a back-
wash or the start of a filtration phase. The objective, stabilization
of the filtration sequence, is to control the final resistance before
the chemical cleaning.

In principle, the operating variable that has the most influence
on the controlled variable should be chosen as the manipulated
variable. The coagulant dose and the filtration flux are the vari-
ables that most clearly influence the reversibility. The coagulant
dose is chosen, because the reversibility is very sensitive to
changes in this dose. Furthermore, the filtration flux is directly
related to the produced volume. In many situations the produced
volume is determined by external demand or economic con-
siderations, and thus the filtration flux cannot be manipulated
freely.

2.3. Control configuration

The control configuration is the structure in which the infor-
mation flows from the available measurement to the manipulated
variable. The interaction between the physicochemical feedwa-
ter properties and the membrane surface under the influence of
the coagulant dosing and other operating conditions is very com-
plex. A feedback controller is selected because feedback is able
to deal with systems of which the behavior is not exactly known.
The control configuration, where feedback is used to adapt the
coagulant dosing to control the initial resistance, is shown in
Fig. 2.

2.4. Controller design

Typically, a feedback controller is used to keep the controlled
variable at it an invariant setpoint. However, the control objec-
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Fig. 2. Basic feedback configuration.
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Fig. 3. Schematic representation of the effect of parameters on the desired initial
filtration resistance trajectory.

tive does not require us to keep the amount of fouling constant,
providing that the final value is acceptable. The natural shape of
afiltration sequence curve shows some accumulation of foulants
over the subsequent filtrations (see the dashed line in Fig. 1). To
prevent the coagulant dose from being abusively corrected as a
result of an infeasible setpoint, an empirical relation is defined,
to approximate the natural shape of the filtration sequence curve.
This trajectory as a function of the cumulative filtered volume
per unit area (Vg) is assumed to be given by

Ro.a(VF) = Rm + o Vi + Re(1 — e~ VF/ea) 2

It is assumed that the initial resistance of the first filtration
following a chemical cleaning phase is the membrane resistance
Ry This leaves us three degrees of freedom to define a trajec-
tory, «; is the final slope, R; is gain of the exponential rise and veq
is its characteristic volume. The resulting trajectory can be lin-
ear, exponential or a combination. The effect of these parameters
on the filtration sequence curve is illustrated in Fig. 3.

Three examples of desired initial resistance trajectories are
shown in Fig. 4 and depicted by I, II and III. The circles in the
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Fig. 4. Measured (circles) and desired (lines) filtration trajectories as a function
of the cumulative filtered volume. The curves are intended to provide a few
examples of desired initial filtration resistance curves that may be chosen, II
corresponds to the setpoint trajectory in Section 4.2 and III corresponds to the
setpoint trajectory in Section 4.3.

figure represent measured values of the initial resistance for a
number of subsequent filtration phases. Compared to the mea-
sured values, trajectory I might be realized by increasing the
coagulant dose, whereas trajectories Il and III might be realized
by decreasing the coagulant dose.

A deviation from the desired initial filtration resistance tra-
jectory curve indicates that the final value is probably going to
deviate from the desired final value as well. Thus, a difference
between the desired initial filtration resistance and the measured
initial filtration resistance should result in an adaptation of the
coagulant dose. The difference between the desired and realized
initial filtration resistance is the control error. When the solid
line (I) in the figure is chosen as desired trajectory, ¢ indicates
the control error. With ng the filtration counter, the desired initial
resistance trajectory Ro 4(Vr(nr)) and the measured initial resis-
tance Ro(ng), the control error can be defined by the following
equation:

e(ng) = Ro(ng) — Roa(VE(ng)) 3)

The controller is the algorithm that determines how the infor-
mation obtained from the process (the control error) is used to
adapt the manipulated variable. Since a trajectory for the initial
filtration resistance is tracked, the coagulant dose Cr is adapted
one time per filtration, at the moment the initial resistance is esti-
mated. A discrete proportional-integral (PI) controller is used,
which can be defined by

1 &
Cr(ng+1) = Cgo + K | e(ng) + — g (i) 4)
ny

i=1

in which Crp is the initial value of the coagulant dose. In this
equation, the proportional part of the control action (Ke(ng))
expresses that the adaptation of the coagulant dose should be
proportional to the control error. The controller gain K should
be chosen large enough to ensure that the control action is sig-
nificant. However, a value that is too large can lead to oscillation
or instability of the the controlled system. The integral part of
the control action is given by (K/n1)) %, e(i). The magnitude
of this term keeps growing until the control error is reduced to
zero and thus it is assured that the setpoint is eventually reached.
The rate at which this term grows can be tuned by the integra-
tion interval n1. A small value results in a fast response, which
may be oscillatory or unstable. On the other hand, a large value
results in a smooth and stable response, which may be slow.

When the manipulated variable is constrained, it is more con-
venient to use the velocity form of Eq. (4), which expresses
the change of the manipulated variable (Cr(ng + 1) — Cp(np)).
Hence, the PI control algorithm may be given in velocity form
by

1
Cp(ng + 1) = Cp(np) + K <(1 + n) e(ng) — e(ng — l))
I
)
The bounds can be given by

Cip < Cp(np) < Cyp (6)
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Fig. 5. Schematic representation of the pilot-plant scale filtration unit employed in the experiments.

3. Materials and methods

The experiments were performed on a pilot plant scale filtra-
tion unit which is schematically shown in Fig. 5. Two Norit-Xiga
UFC SXL-225 FSFC modules with a filtration surface of 40 m?
each and a cut-off of approximately 200 kDa were used. These
consist of hollow fiber porous PES/PVP membranes with an
internal diameter 0.8 mm and an effective length of approxi-
mately 1.5 m. The internal fiber volume is approximately 161,
the additional dead volume of the system is estimated at § 1.

Surface water taken from the Twente Canal was used as feed.
This water contains, amongst other things: fatty acids, polysac-
charides, proteins, high molecular weight organic structures and
clay. Most of these substances occur naturally in surface water
and originate from, for example, plant material. In addition,
some municipal, industrial and agricultural contamination can
be found. The feedwater was prefiltered (200 um) to prevent
too large particles form entering the system. The feedwater was
buffered in a continuously refreshed and well stirred feed tank.

Filtration sequences were preceded by a chemical cleaning
procedure. This consisted of 20 min soaking in a NaOH solution
at pH 11 with an addition of 100 ppm NaOCI. This was followed
by 20 min soaking in a HCI solution at a pH of 2.

A commercially available poly-alumina coagulant
(Quadrafloc PUS, CAS 990001-02-9, ViVoChem BYV)
was used. To achieve more accurate dosing the stock solution
was diluted by a factor 10. This was done with a mixture of
water and hydrochloric acid with the same pH as the stock
solution. The coagulant dose was controlled by flow ratio
control on a dosing pump (FrC in Fig. 5). The mixing point is
just before the filtration pump.

In Fig. 5, the pressure sensors are indicated by PT, the tem-
perature sensors by TT and the flow transmitters by FT. Based on
these measurements, the values of the viscosity and resistance
are calculated by the control software. The initial value of the
filtration resistance is obtained by calculating the average resis-

tance during the first 50 s of the filtration phase. Subsequently,
the adaptation of the coagulant dose is calculated and the dosing
setpoint is altered.

4. Results
4.1. Open loop experiment

An open loop experiment was performed, the results are
shown in Fig. 6. The filtration flux (Jr =75 1/(m?h)), fil-
tered volume (vg = 0.025 m3/m2), backwash flux (Jg =
2501/(m? h)) and backwash duration (fg = 60s) were all kept
constant. The top graph shows step-changes that were made in
the coagulant dose, whereas the bottom graph shows the effect
of these changes on the initial resistances. It can be seen that by
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Fig. 6. Top: coagulant dose vs. filtration number, bottom: initial resistance
vs. filtration number. Other settings were Jgp = 75 1/(m?h), tp = 15min, Jg =
2501/(m? h), 15 = 60s.
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lowering the dose the initial resistance increases and vice versa
and that these effects occur within a few filtration phases. This
confirms that the coagulant dose is a suitable control variable.

Looking at Fig. 6 in more detail, it can be seen that during the
first 81 filtrations at a dose of 1.0 ppm, the resistance reached
a stable value of 7.45 x 10! m~!. After a subsequent period
of 83 filtrations at 0.5 ppm, the dose was increased again to
1.0 ppm. This resulted in a stable resistance of 9.60 x 10! m~1.
From this it is concluded that the effect of decreasing the dose
is not necessarily reversible by increasing the dose by the same
amount.

A system is called controllable if by using admissible inputs
itis possible to steer the system from any initial to any final state.
Since irreversible fouling cannot be removed, it is by definition
not possible to reach any state from any given initial state. Con-
trollability is an important property of systems to be controlled
and the intrinsic lack of this property has an important conse-
quence: the setpoint trajectory needs to be chosen with care to
ensure the controller is able to track the desired trajectory. If
it is attempted to impose an infeasible setpoint, the controlled
system can be unstable.

4.2. Controller tuning

From Fig. 6 it is estimated that a change in coagulant dose
of 0.5 ppm results in a resistance change equal to approximately
4 x 101 m~!, this is about the same for both increasing and
decreasing the concentration. Based on this process gain, a suit-
able gain of the coagulant controller should be approximately
1 x 10~!2 ppm m. The number of filtrations needed to achieve
most of the change is roughly estimated to be 20. The reaction
to an increase in the coagulant dose is much faster (approxi-
mately five filtrations). Based on these numbers, the integration
interval of the coagulant controller should be chosen equal to
approximately 10 filtrations.

The selection of the desired initial resistance trajectory
parameters is in principle arbitrary. Thus, a wide variety of
trajectories may be realizable, which can be selected to sat-
isfy certain operational objectives. However, the selection of
a good or optimal trajectory is beyond the scope of this
study. In consideration of the controllability, the parameters
were chosen such that the desired trajectory seems feasible
compared to the available measured trajectory. It is defined
by Eq. (2) with i =0m™2, Ry =3 x 10" m~! and veq =
0.1 m. The resulting curve is plotted as a dashed line (II) in
Fig. 4.

The controller was implemented in the control software of a
pilot plant. Its performance is evaluated by applying the control
to a sequence of filtrations. The filtration flux (Jg = 75 I/(m? h)),
the filtration duration (fg = 600s), the backwash flux (Jg =
2501/(m? h)) and the backwash duration (rg = 60s) where all
kept constant. The initial coagulant dose was taken as O ppm. The
result is shown in Fig. 7. The top graph shows the desired and
measured resistance and the bottom graph shows the coagulant
dose.

In the first hour (six filtrations) the measured initial resistance
is lower than the desired initial resistance. The controller should
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Fig.7. Performance of the coagulant controller on a sequence of short filtrations.

in that case decrease the coagulant dose, however, since it is
already at its lower bound of 0 ppm, it is maintained at this
level. After the first hour the initial resistance keeps increasing
and it becomes clear that filtration with no coagulant dosing
leads to an unstable sequence. To compensate for the increasing
resistance, the controller keeps increasing the coagulant dose,
until after about 6 h the initial resistance starts decreasing. After
approximately 8 h the initial resistance reaches its setpoint. From
this point onwards only small variations in the coagulant dose
occur, which are used to counter small deviations in the initial
resistance.

From Fig. 7 it is concluded that the controller performs well
and that no adjustments of the control parameters are neces-
sary.

4.3. Controller evaluation

The performance of the controller was also tested on a
number (40) of filtration sequences. Different values for the
filtration flux and filtered volume were applied (see Table 1).
The desired initial filtration resistance trajectory was defined
by Eq. (2), with o = 1.0 x 10" m~2, R, =3 x 10'" m~'and
Veq = 0.1 m. The corresponding curve is indicated by a dashed
line (IIT) in Fig. 4. The backwash flux (Jg = 250 1/(m? h)) and
the backwash duration (tg = 45 s) were kept constant. For sur-
face water with a turbidity in the range of 5—15 NTU typically a
coagulant dose of 2 ppm would be used. This was chosen as
initial dose. The results are shown in Fig. 8. The top graph
shows the measured and desired initial resistance, the middle
graph shows the control error and the bottom graph shows the
coagulant dose.

Table 1
Values of the filtration flux and filtration duration used in Fig. 8

a b ¢ d e f g h i j k

Je(Um2h)) 75 25 50 100 75 75 100 75 75 75 75
t (min) 20 60 30 15 10 20 15 60 20 6 20
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Fig. 8. Performance of the coagulant controller on a series of chemical cleaning
cycles.

It can be seen that due to the high initial dosing, the mea-
sured initial resistances are well below the desired trajectory.
Consequently the dose is lowered. At the third chemical clean-
ing cycle, the desired trajectory is reached and the coagulant
dosing reaches a steady state. It can be seen that a change in
the filtration flux leads to a change in the measured resistance
(e.g. going from a to b in Fig. 8). This is caused by the height
difference between the pressure sensors, which is not compen-
sated for in the control software. This offset does not influence
the results in filtration sequences in which the filtration flux is
constant.

The average control error of the initial resistance of the final
filtration phase is approximately 9% of the fouling resistance or
3% of the total resistance. Due to an observed overshoot at the
beginning of the sequences and the changes in operational set-
tings the average control error evaluated over the entire trajectory
is larger (20% and 7%).

4.4. Conclusion

A dosing strategy for in-line coagulation with ultrafiltration
was developed. The main objective of this control strategy was
to stabilize the sequence of filtrations. The designed controller is
able to fulfill this; the initial resistance of the last filtration before
the chemical cleaning phase can be controlled within an accu-
racy of approximately 3% (of the total resistance) or 9% (of the
fouling resistance). It was furthermore found that the controller
is able to adapt to changes in operating settings. Compared to the
current coagulant dosing strategy a large reduction in coagulant
consumption can be achieved.
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Nomenclature

Cr coagulant dose (ppm)

Crp initial value of the coagulant dose (ppm)
Ci lower bound for the coagulant dose (ppm)

Cuw upper bound for the coagulant dose (ppm)
J flux (m/s)
JB average backwash flux (1/(m? h))

Jr average filtration flux (/(m2 h))

K controller gain (ppm m)

ng filtration number

ni integration interval

AP transmembrane pressure (Pa)

Ry fouling layer resistance (m~')

Rm membrane resistance (m~!)

R, initial rise of the desired initial filtration resistance
trajectory (m~!)

Ro initial filtration resistance (m~!)

Rog desired initial filtration resistance (m~!)

1B backwash duration (s)

tp filtration duration (min)

Veq characteristic volume of the desired initial filtra-
tion resistance trajectory (m)

Vi cumulative filtered volume per area (m)

Greek symbols

o final slope of the desired initial filtration resis-
tance trajectory (m~2)

€ control error (m™—1)

7 viscosity (Pas)
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